Stem cell-based approaches have received much hype as potential treatments for neurodegenerative disorders. Indeed, transplantation of stem cells or their derivatives in animal models of neurodegenerative diseases can improve function by replacing the lost neurons and glial cells and by mediating remyelination, trophic actions, and modulation of inflammation. Endogenous neural stem cells are also potential therapeutic targets because they produce neurons and glial cells in response to injury and could be affected by the degenerative process. As we discuss here, however, significant hurdles remain before these findings can be responsibly translated to novel therapies. In particular, we need to better understand the mechanisms of action of stem cells after transplantation and learn how to control stem cell proliferation, survival, migration, and differentiation in the pathological environment.
Introduction
Neurodegenerative disease is a term used for a wide range of acute and chronic conditions in which neurons and glial cells in the brain and spinal cord are lost. In acute cases, for example, in response to ischemic stroke or spinal cord injury, different types of neurons and glial cells die within a restricted brain area over a short time period. In chronic cases, there is either a selective loss of a specific cell population, such as dopamine (DA) neurons in Parkinson disease (PD) and motor neurons in amyotrophic lateral sclerosis (ALS), or a widespread degeneration of many types of neuron, such as occurs in Alzheimer disease (AD), over a period of several years. Stem cell-based approaches could be used therapeutically to restore function in neurodegenerative disease. For example, it might be possible to replace lost neurons or glial cells by transplantation of stem cell-derived cells that have been predifferentiated in vitro to various stages of maturation, e.g., into neuroblasts (i.e., immature neurons). Cell replacement might also be achieved by inducing endogenous stem cells in the adult CNS to form new neurons and glial cells. Besides these mechanisms, grafted stem cells and their derivatives could induce functional improvement by releasing therapeutic molecules that are neuroprotective or modulate inflammation.
Although some scientifically founded clinical trials using stem cells to treat neurodegenerative disorders have already been performed or initiated (e.g., for the rare, fatal, autosomal recessive neurodegenerative disorder Batten disease [http://www.clinicaltrials.gov/ct2/show/NCT00337636?term-batten&rank=4]), no stem cell-based therapy has yet been proven beneficial for any such condition. Despite this fact, unproven treatments for several neurodegenerative diseases are offered at "clinics" around the world without rationale and with poor scientific and clinical basis. The vast majority of these sites overpromise the results and gravely underestimate the potential risks (1) .
For the successful development of stem cell-based therapies for neurodegenerative diseases, clinical roadmaps need to be defined. Specifically, the major milestones in basic and clinical research that need to be reached before such therapies can be tested in patients need to be established, and all the associated ethical, regulatory, societal, and economical issues need to be addressed. Here, we discuss some general issues relating to the clinical translation of stem cells. We also describe how far stem cell-based approaches for treating some acute and chronic neurodegenerative disorders have advanced and define the critical milestones that remain if these are to reach the clinic.
General issues in developing stem cell-based therapies for neurodegenerative diseases
If current knowledge of stem cells is to be translated into a treatment for neurodegenerative disease, four main issues are important to consider. First, it is necessary to define what is required for the stem cell-based approach to be clinically competitive and what risks to the patient are acceptable. Neurodegenerative diseases differ widely in the degree of disability that they cause and in the therapeutic options that are available. Patients with PD have a virtually normal life expectancy, several drugs are effective during the first years, and valuable symptomatic treatment can be given during the advanced stages of the disease. In contrast, there is no effective treatment for ALS, a rapidly progressing, fatal disorder. These distinct disease characteristics must come into play when the clinical application of an experimental and potentially risky stem cell-based treatment is being considered. If an efficacious therapy already exists, as in PD, the risk of an adverse effect, based on findings in preclinical animal models, must be low and the stem cell-based approach must offer a substantial advantage (e.g., better functional outcome, single procedure versus lifelong drug therapy with associated side effects, and/or cost-effectiveness). If efficacious therapy is lacking, the severity of a disease such as ALS might justify the potential risks of a stem cellbased experimental intervention in patients. With regard to assessing the safety of stem cell-based approaches, it must be emphasized that stem cells and their derivatives represent in most cases entirely novel products. Their proliferation and differentiation are difficult to control. Animal models may not fully predict their toxicity, occurrence of immune and other biologic responses, and risk for tumor formation after implantation in patients.
Second, disease pathology has to determine which cells should be generated from stem cells; for cell replacement therapy, different cells will be needed for different diseases. Substantial improve-ment in PD and ALS would require cells with the properties of DA and motor neurons, respectively, whereas cell replacement in stroke and AD would need several cell types to be effective. Disease pathology may also affect the cells derived from the transplanted cells, as has been observed in intrastriatal grafts of embryonic mesencephalic tissue more than a decade after they were implanted in PD patients (2, 3) . This may be particularly relevant when patientspecific cells are produced by therapeutic cloning (i.e., from ES cells generated by removing the nucleus from an egg and replacing it with the nucleus from a somatic cell from the transplant recipient) or by induced pluripotent stem (iPS) cell technology, leading to increased susceptibility to the disease process. A major advantage, however, especially with the iPS cell approach, is the potential to develop human cell-based disease models of sporadic and genetically complex diseases such as PD (4) .
Third, prior to clinical application, it must be demonstrated in animal models that the stem cell-based approach induces substantial improvement of functional deficits that resemble the debilitating symptoms in patients. However, the behavior of stem cells, or cells predifferentiated from them in vitro, after transplantation in animal models may only partly reflect how these cells will behave in patients. The animal model may not mimic all aspects of the pathology of the human condition, leading to lack of efficacy of the stem cell-derived product in the clinical trial.
Last, it is important to determine the biological mechanism underlying the observed effects of a stem cell-based treatment in an animal model. For optimal recovery from a neurodegenerative disease, neuronal replacement and at least partial reconstruction of neuronal circuitry, such as restoration of striatal DA transmission in PD, should probably be the aim. However, stem cells can lead to functional improvements that could be clinically valuable through mechanisms other than cell replacement, for example, immunomodulation. Indeed, systemically administered mouse neural stem cells (NSCs) have been shown to migrate to demyelinating lesions in mouse brain and give rise to neuroprotection by suppressing proinflammatory mechanisms (5).
Stem cell-based therapies for PD
Degeneration of nigrostriatal DA neurons is the main pathology in PD (Figure 1 ), although other dopaminergic and non-dopaminergic systems are also affected. Characteristic symptoms are rigidity, hypokinesia, tremor, and postural instability. Although motor symptoms can be treated relatively well with l-3,4-dihydroxyphenylalanine (l-DOPA), DA agonists, enzyme inhibitors, and deep brain stimulation, effective therapies for nonmotor symptoms, such as dementia, are lacking, and disease progression cannot be counteracted. Clinical trials with intrastriatal transplantation of human embryonic mesencephalic tissue, which is rich in postmitotic DA neuroblasts, have provided proof of principle that neuronal replacement can work in PD patients ( Figure 1 ) (6). The DA neurons that form from the transplanted tissue reinnervate the denervated striatum and become functionally integrated, restoring striatal DA release and giving rise to clear symptomatic relief in some patients (see, e.g., ref. 6). Although a small fraction of graft-derived DA neurons contain Lewy bodies (the hallmark of PD) 11-16 years after transplantation (2, 3), cell replacement remains a viable therapeu-
Figure 1
Stem cell-based therapies for PD. PD leads to the progressive death of DA neurons in the substantia nigra and decreased DA innervation of the striatum, primarily the putamen. Stem cell-based approaches could be used to provide therapeutic benefits in two ways: first, by implanting stem cells modified to release growth factors, which would protect existing neurons and/or neurons derived from other stem cell treatments; and second, by transplanting stem cell-derived DA neuron precursors/neuroblasts into the putamen, where they would generate new neurons to ameliorate disease-induced motor impairments.
tic option for PD. The progression of pathology in graft-derived neurons is slow, and they are still functional after a decade, with patients showing long-term clinical benefit (7). However, there is a strong need for other sources of DA neurons, because availability of human embryonic mesencephalic tissue is limited and variability of functional outcome after transplantation is high. Some patients have improved to the extent that l-DOPA could be withdrawn for several years (7), whereas others have exhibited modest, if any, clinical benefit (8, 9) . Poor standardization of the transplanted cell material contributes to the high variability, but this problem and the lack of human embryonic mesencephalic tissue for transplantation could be solved if large numbers of standardized DA neuroblasts were generated from stem cells.
After transplantation of stem cell-derived DA neuron precursors or neuroblasts ( Figure 1 ) and subsequent maturation, the resultant cells must exhibit the properties of substantia nigra neurons in order to induce substantial benefit in PD (10, 11) . DA neuroblasts for preclinical transplantation have been generated in vitro from stem cells from several different sources and species, including humans. For example, they have been derived from ES cells (12) (13) (14) (15) (16) (17) (18) (19) , therapeutically cloned ES cells (20) , NSCs and progenitors of embryonic ventral mesencephalon (21) (22) (23) (24) , adult NSCs from the subventricular zone (SVZ) (25) , bone marrow stem cells (26) , and fibroblast-derived iPS cells (27) . Overexpressing in the stem cells transcription factors that determine mesencephalic DA-neuron specification or maturation during normal development can increase the yield of DA neuroblasts with the correct phenotype (15, 21, (28) (29) (30) . Mouse ES cell-derived DA neuroblasts can also be enriched to greater than 90% purity by FACS; after transplantation in a rat model of PD (31) , these sorted cells were functional, but fewer survived as compared with non-sorted cells.
Human stem cell-derived DA neuron precursors/neuroblasts, which will be required for patient application, can survive in animal models of PD and, after maturation, exert functional effects (13, 17, 23, 26) . However, some properties that are fundamental for successful clinical translation have not yet been demonstrated for human stem cell-derived DA neurons. For example, it has not been shown that they can substantially reinnervate striatum, restore DA release in vivo, and markedly improve deficits resembling the symptoms experienced by patients with PD. Experimental work establishing these properties remains to be performed before a human stem cell-derived DA neuron precursor or neuroblast can be selected as a candidate cell for patient application. A major concern when transplanting ES cell-derived DA neuroblasts is the risk for tumor formation, which has been observed in animal models (17) . As patients with PD have normal life expectancy, even a minor risk of tumor formation is unacceptable in this clinical context. Engineering stem cells to express suicide genes that can be switched on when desired (after therapeutic progeny have been generated) and use of cell sorting (30) to eliminate tumor-forming cells may improve safety.
The use of patient-specific DA neuroblasts made from iPS cells (4, 27, 32) for transplantation would eliminate ethical concerns associated with ES cells and their progeny and, as with DA neurons derived through therapeutic cloning (20) , would avoid immune reactions. However, before application can be considered in patients, the tumor risk, which is similar to that with ES cell-derived neuroblasts, has to be eliminated. The growth and functionality of the DA neurons should also be determined. The patient may exhibit a gene profile that would make the grafted, patient-specific DA cells particularly susceptible to PD pathology.
In order to be clinically competitive, a stem cell-based DA cell replacement therapy has to induce substantial (at least 50%-70%) amelioration of motor symptoms without significant side effects. This could be achieved if patients are carefully selected and the dose and site of implantation of the DA cells are based on preoperative imaging. Patients with DA denervations restricted to the caudateputamen (a region of the brain involved in regulating movement) need grafts only in these areas to experience major benefits (33) . In contrast, PD patients with more widespread denervations that include areas of the ventral striatum and cerebral cortex will also require grafts in these areas. Troublesome off-medication dyskinesias have been observed in a group of patients receiving embryonic mesencephalic grafts (8, 9, 34) . Strategies to prevent their occurrence following cell replacement therapy must be developed; minimizing the number of serotonergic neuroblasts in the transplant material, as suggested by animal studies (35) , and distributing the DA neuroblasts evenly over the putamen might both be helpful in this regard. Importantly, PD is a multisystem disorder, and symptoms that are caused by pathology in nondopaminergic systems will not be improved by intrastriatal DA grafts (36) . Finally, for long-term functional restoration in PD patients, DA cell replacement has to be combined with a neuroprotective therapy to hinder disease progression (37) . One possible strategy could be concomitant transplantation of stem cells genetically modified to secrete a trophic factor such as glial cell line-derived neurotrophic factor (GDNF) (38) into the striatum and substantia nigra ( Figure 1 ).
Stem cell-based therapies for ALS
In ALS, dysfunction and degeneration of motor neurons in the spinal cord, cerebral cortex, and brainstem cause rapidly progressing muscle weakness and death within a few years ( Figure 2 ). There is no effective treatment. Motor neurons have been generated in vitro from stem cells from various sources, including mouse and human ES cells (39) (40) (41) (42) (43) , NSCs derived from fetal rat spinal cord (44) and human forebrain (45) , and human iPS cells (46, 47) . Stem cellderived motor neuron precursors and neuroblasts establish functional synapses with muscle fibers in vitro (48, 49) , extend axons to ventral roots after transplantation into the spinal cord of adult rats with motor neuron injury (44, 48, 50) , form neuromuscular junctions with host muscle, and give rise to partial recovery from paralysis (50) . After transplantation into transected tibial nerves of adult mice and maturation, mouse ES cell-derived motor neurons exhibit normal motor units and attenuate muscle atrophy (51) .
If cell replacement therapy is to be a clinical success in ALS (Figure 2 ), several experimental hurdles must be overcome. First, it must be shown that the cells can be delivered at multiple sites along the spinal cord. Second, it must be determined whether the stem cell-derived motor neurons integrate into existing spinal cord neural circuitries, receive appropriate regulatory input, and are able to extend their axons long distances to reinnervate muscles in humans. Third, it must be established that the differentiation of the spinal motor neurons can be directed to the correct cervical (43) , thoracic (41) , or lumbar phenotype and that the final cell population projects to axial (52) or limb muscles. Fourth, it must be shown that central motor neurons such as corticospinal neurons, which degenerate in ALS (Figure 2 ), also can be replaced for effective, life-saving restoration of function. Developing approaches to harness factors involved in cortico-spinal neuron specification (53) and axonal outgrowth (54, 55) will be important to direct transplanted stem cell-derived neurons to the correct phenotype. Last, it must be determined whether the environment in the spinal cord of a patient with ALS, which is hostile to motor neurons, can be altered. Importantly, glial cells carrying an ALS-causing genetic mutation impair the survival of human ES cell-derived motor neurons in culture (56, 57) . Modification of the patient's microglial cells or astrocytes may therefore be necessary for long-term survival of transplanted motor neurons. Evidence to suggest that this approach might work has been provided by the observation that transplantation of normal astrocyte precursors into the spinal cord attenuated motor neuron loss and functional decline in a mouse model of ALS (58) . With continuous scientific progress stem cell-based therapy for replacing motor neurons is promising, but there is much work ahead before it can move to the clinic as a treatment for ALS.
Transplantation of stem cells to counteract motor neuron loss by releasing neurotrophic molecules or modifying the inflammatory environment, which probably plays a major role in disease progression (59) , is a more realistic near-term clinical goal for ALS ( Figure  2) . Indeed, the US company NeuralStem has received FDA approval for a clinical trial in which 12 patients with ALS will be treated by injection of human fetal-derived NSCs into the lumbar region of the spinal cord, where it is hoped they will exert a neuroprotective effect. Several lines of preclinical experimental data have provided the rationale for this approach, some of which are discussed here. First, derivatives of human embryonic germ cells (pluripotent cells derived from primordial germ cells in the gonadal ridge) delivered into the cerebrospinal fluid of rats with motor neuron injury have been found to migrate into the parenchyma and induce motor recovery through neuroprotection as a result of growth factor production (60). Second, intraspinal injection of mouse NSCs in a mouse model of ALS has been shown to give rise to neuron formation, delay disease onset and progression, and protect motor neurons, probably through VEGF- and IGF-1-dependent mechanisms (61) . Third, similar effects have been observed after intrathecal implantation of human VEGF-overexpressing NSCs in a mouse model of ALS (62) . Fourth, human fetal NSCs transplanted into the spinal cord in a rat model of ALS have been found to protect motor neurons and delay disease onset (63), probably as a result of their neuronal progeny (i.e., GABAergic interneurons synapsing on host motor neurons) releasing GDNF and brain-derived neurotrophic factor (BDNF), dampening excitotoxicity, or both (64) . Fifth, cortical, GDNF-secreting human NSCs have been shown to survive implantation into the spinal cord in a rat model of ALS, migrate into degenerating areas, and increase motor neuron survival, although they did not improve limb function due to a lack of continued innervation of muscle end plates (65, 66) . However, when human mesenchymal stem cells (MSCs) engineered to secrete GDNF were transplanted into the muscles of rats with an ALS-like disease, motor function improved and disease progression was delayed (67) . Compared with direct gene transfer, an advantage of cell-based gene delivery is that production of the trophic factor continues even if the disease process destroys the endogenous cells.
HSC transplantation or delivery of MSCs in order to alter the inflammatory environment has already reached the clinic ( Figure  2 ). Although allogeneic HSCs transplanted intravenously in six ALS patients did not provide any clinical benefit, donor-derived cells were found to localize to the sites of pathology, which may render them particularly suitable for delivering therapeutic mol-
Figure 2
Stem cell-based therapies for ALS. ALS leads to degeneration of motor neurons in the cerebral cortex, brainstem, and spinal cord. Stem cell-based therapy could be used to induce neuroprotection or dampen detrimental inflammation by implanting stem cells releasing growth factors. Alternatively, stem cell-derived spinal motor neuron precursors/neuroblasts could be transplanted into damaged areas to replace damaged or dead neurons.
ecules (68) . In another study, nine patients received intraspinal injections of autologous MSCs (69), an approach taken because experiments in a mouse model of ALS indicated that lumbar injection of human MSCs dampened inflammation and reduced motor neuron loss and functional impairment (70) . In yet another study, HSC transplantation using cervical intraspinal injections was performed in 13 patients (71) . These two open-label studies reported clinical benefit, but preclinical data on safety, dosage, long-term survival, differentiation, and functional efficacy were insufficient, and without a control group, the clinical evidence of improvement is weak. In our view, more preclinical studies are needed prior to further patient applications (72) .
Stem cell-based therapies for AD
Patients with AD exhibit memory impairment, cognitive decline, and dementia due to widespread and progressive pathological changes (Figure 3 ). Neuronal and synaptic loss, neurofibrillary tangles, and deposits of β-amyloid protein in senile plaques involve the basal forebrain cholinergic system, amygdala, hippocampus, and cortical areas. The situation for neuronal replacement aiming at functional restoration in AD is extremely complex because the stem cells would have to be predifferentiated in vitro to many different types of neuroblasts for subsequent implantation in a large number of brain areas. Since acetylcholinesterase inhibitors, which enhance cholinergic function, induce some temporary improvement in AD patients, the cognitive decline could hypothetically be improved by transplantation of stem cell-derived basal forebrain cholinergic neurons. Experimental evidence indicates that it should be possible to generate such cells from stem cells (73) . However, to give long-lasting symptomatic benefit, a cholinergic cell replacement approach would require intact target cells, host neurons that the new cholinergic neurons can act on, and they are probably damaged in AD. Stem cell-based cell replacement strategies are very far from clinical application in AD.
The disease symptoms in AD could partly be due to impaired formation of new hippocampal neurons from endogenous NSCs in the subgranular zone of the dentate gyrus, which is believed to contribute to mood regulation, learning, and memory (Figure 3) (74) . Mouse models of AD have provided equivocal data, with studies demonstrating both increased and decreased hippocampal neurogenesis (75) , one important factor being disease severity, with a compensatory increase in progenitor proliferation in the early stages and decreased proliferation and survival with advanced pathology (76, 77) . Formation of immature hippocampal neurons has been reported to increase in senile AD patients (78) , while in another study, neurogenesis was not
Figure 3
Stem cell-based therapies for AD. AD leads to neuronal loss in the basal forebrain cholinergic system, amygdala, hippocampus, and cortical areas of the brain; formation of neurofibrillary tangles; and β-amyloid protein accumulation in senile plaques. Stem cell-based therapy could be used to prevent progression of the disease by transplanting stem cells modified to release growth factors. Alternatively, compounds and/or antibodies could be infused to restore impaired hippocampal neurogenesis. altered in presenile cases (79) . Later studies have indicated deficient maturation of new neurons in AD brains (80) . As a result, approaches to enhance neurogenesis and/or maturation could be considered potential stem cell-based therapies for AD. Clearance of brain β-amyloid has been proposed to be of value in halting disease progression in AD. Active β-amyloid vaccination in young AD mice, using as antigen a sequence of the β-amyloid peptide, decreased β-amyloid burden and increased hippocampal neurogenesis (81) . Moreover, passive β-amyloid immunotherapy with an antibody specific for aggregated β-amyloid restored neurogenesis and morphological maturation of new hippocampal neurons in aged transgenic mice with β-amyloid-related impairments of neurogenesis (77) . Taken together, the findings indicate that AD disturbs hippocampal neurogenesis, which may contribute to the cognitive deficits experienced by patients, suggesting that normalization of the formation and maturation of new hippocampal neurons, for example, by active or passive β-amyloid immunotherapy, could have therapeutic potential (Figure 3) .
Stem cell-based gene therapy could deliver factors modifying the course of AD (Figure 3 ) and may be advantageous because of the capacity of stem cells to migrate and reach large areas of the brain. Preclinical studies that provide a rationale for this approach include one demonstrating that basal forebrain grafts of fibroblasts producing nerve growth factor (NGF), which counteracts cholinergic neuronal death, stimulate cell function and improve memory in animal models of AD (see ref. 82 ). Indeed, basal forebrain grafts of NGF-secreting fibroblasts have proven to be of some benefit to patients with AD in an open-label trial (82) , and basal forebrain implantation of encapsulated retinal pigment epithelial cells releasing NGF is currently being tested in six patients with AD by the Danish company NsGene. Stem cells could also be engineered to carry other genes, such as that encoding BDNF, which has substantial neuroprotective effects in AD models (83) . Transplantation of fibroblasts producing the β-amyloid-degrading protease neprilysin have been shown to reduce plaque burden in AD mice (84) , although this may not lead to reduction in the number of pathogenic β-amyloid oligomers or prevent cognitive deficits (85) .
Stem cell-based therapies for stroke
Ischemic stroke, which is caused by occlusion of a cerebral artery, leads to focal tissue loss and the death of multiple neuron types, as well as oligodendrocytes, astrocytes, and endothelial cells (Figure 4) . Neuronal plasticity and reorganization of neural circuitries contribute to spontaneous recovery to varying degrees, but most patients exhibit persistent motor, sensory, or cognitive impairments. Apart from acute thrombolysis, which can be used in only a minority of cases, there is no effective treatment to promote recovery.
Different stem cells and their derivatives of rodent and human origin can survive, differentiate into neurons, and restore function after transplantation in the stroke-damaged rodent brain ( Figure  4) (see refs. 86, 87 ). Human ES cell-derived NSCs, grafted into the ischemic boundary zone in rats subjected to stroke, have been
Figure 4
Stem cell-based therapies for stroke. Ischemic stroke leads to the death of multiple neuronal types and astrocytes, oligodendrocytes, and endothelial cells in the cortex and subcortical regions. Stem cell-based therapy could be used to restore damaged neural circuitry by transplanting stem cell-derived neuron precursors/neuroblasts. Also, compounds could be infused that would promote neurogenesis from endogenous SVZ stem/progenitor cells, or stem cells could be injected systemically for neuroprotection and modulation of inflammation.
shown to migrate toward the lesion and improve forelimb performance (88) . Electrophysiological recordings showed functional neuronal properties in the grafted cells and synaptic input from host neurons (89) , as has been observed for mouse ES cell-derived precursors implanted in stroke-damaged rat brain (90) . Transplanted human fetal NSCs have also given rise to neurons that migrate toward the ischemic lesion in rodents (91) , while human NSCs isolated from embryonic striatum and cortex (92) have generated morphologically mature neurons after transplantation into stroke-damaged rat striatum (93) . Taken together, these findings provide evidence that replacement of functional neurons using stem cell grafts is possible in the stroke-damaged brain and suggest that this mechanism contributes to the observed behavioral improvements (Figure 4) .
Various types of stem cells, primarily NSCs and MSCs, have been shown to ameliorate post-stroke functional impairments in rodents by other mechanisms as well (Figure 4 ). Using stem cell-based approaches in this manner could become of clinical value, but it is important that the efficacy and risks of using stem cells are compared with those of other treatments aiming at the same therapeutic targets. For example, intravenous injection of human NSCs has been shown to induce improvements after hemorrhagic stroke in rats, probably through antiinflammatory actions (94) . Overexpression of either VEGF or the antiapoptotic factor Akt1 in human NSCs promotes angiogenesis and increases neuronal survival, respectively, enhancing the functional improvements in stroke-damaged mice (95, 96) . In addition, intravenously administered human MSCs have been found to reduce stroke-induced deficits in rats, most likely by inducing angiogenesis and improving cerebral blood flow (97) . When these human MSCs were genetically modified to express angiopoietin or growth factors such as GDNF, neuroprotection and functional improvement were further enhanced (97-100). Finally, human ES cell-derived MSCs injected intravenously in rats have been shown to migrate to the infarct region, express neuronal and endothelial cell markers, provide neuroprotection, and improve recovery (101) . Importantly, mouse NSCs delivered intravenously 3 days after stroke in mice have been shown to suppress inflammation and glial scar formation and give rise to delayed neuroprotection and improved functional recovery, starting 18 days after the insult (102). This last finding suggests an extended time window for neuroprotection using NSCs.
Initial clinical trials with delivery of stem cells in stroke have been completed (for details see, e.g., ref. 87). For example, an immortalized human teratocarcinoma cell line, implanted into ischemic/hemorrhagic infarcts affecting the basal ganglia and in some cases also the cerebral cortex (103) (104) (105) , induced slight improvements in some patients. No substantial clinical improvements were detected after intravenous injection of autologous MSCs in patients with an ischemic lesion in the territory supplied by the middle cerebral artery (106) . Several clinical studies using intravenous or intraarterial (into damaged territory) infusion of autologous bone marrow-derived stem cells in stroke patients are ongoing or planned (www.clinicaltrials.gov). The company ReNeuron, based in the United Kingdom, is planning a clinical trial in stroke patients involving transplantation of clonal, conditionally immortalized NSCs isolated from human fetal cortex. In the rat stroke model, transplantation of these human cells was shown to ameliorate motor impairments (107), possibly by promoting angiogenesis and improving cerebral blood flow.
Recovery after stroke could potentially also be induced by stimulating endogenous neurogenesis (Figure 4 ) (see, e.g., refs. 108-110). After stroke in rodents, NSCs and other neuronal progenitors in the SVZ increase their proliferation and generate neuroblasts, which migrate to the damaged area in the striatum during the following months (111) (112) (113) , are morphologically integrated (114) , and seem to become functional mature neurons (115) . Stroke-induced neurogenesis is maintained in the aged rat brain (116) . There is also evidence in humans for enhanced SVZ cell proliferation and neuroblast formation after stroke (117) (118) (119) . In mice, ependymal cells lining the lateral ventricle participate in the neurogenic response to stroke by producing new neuroblasts, but their survival is poor (120) .
Whether endogenous neurogenesis contributes to spontaneous recovery after stroke has not yet been established. In order to have substantial clinical impact, however, neurogenesis needs to be optimized (Figure 4) , and this could be accomplished in several ways. The first way is to increase the survival of the new neuroblasts or mature neurons. Approximately 80% of neuroblasts and neurons die during the first two weeks after formation (111) , and only a fraction survive long-term after stroke in rats. Available data indicate that survival could be improved by administration of inflammation-modulating agents (121) (122) (123) , caspase inhibitors (113), and/or neurotrophic factors (124) . The second way is to promote the migration of the new neurons to the damaged area. Several molecular mechanisms are known to regulate this migration, including those involving stromal cell-derived factor 1α [SDF-1α]; refs. 113, 125), monocyte chemoattractant protein-1 (126), and matrix metalloproteinase-9 (127). A final way to optimize neurogenesis is to stimulate the differentiation of cortical neurons, which are formed only in limited numbers after stroke (109) . Enhancement of cortical neurogenesis has been described in animal models using several approaches, including growth factor delivery (128, 129) .
As indicated by this discussion, many issues remain before stem cell-based therapy can advance to full-scale clinical trials for the treatment of stroke. For example, it is necessary to determine the type of cells suitable for transplantation; to learn how to control the proliferation, survival, migration, differentiation, and functional integration of endogenous and grafted stem cells and their progeny in the stroke-damaged brain; and to develop procedures for cell delivery, scaling up, optimum functional recovery, and patient selection and assessment (130) . Development of cell replacement strategies for stroke is much more challenging than it is for diseases such as PD, and it should be a long-term goal. Stem cell-based treatments that act by neuroprotection, modulation of inflammation, and enhancement of angiogenesis seem closer to application in patients. However, even if some stem cells may be easily accessible for this purpose, for example, autologous bone marrow-derived MSCs, each new approach has to show preclinical evidence of efficacy and safety, and its mechanisms of action in the stroke-damaged brain have to be understood prior to trials in patients. Figure 5 ). For example, human NSCs implanted into injured mouse spinal cord have been found to generate neurons and oligodendrocytes and induce locomotor recovery (134) . Integration of neurons derived from the grafted human cells with host circuitry most likely mediated the functional recovery (135) . In another study, human NSCs transplanted into the injured rat spinal cord were found to differentiate into neurons that formed axons and synapses and establish contacts with host motor neurons (136) . From a clinical perspective, it is important that implanted human NSCs have given rise to mature neurons and oligodendrocytes and promoted functional recovery in injured dogs as well (137) .
In addition to transplantation, cell replacement and remyelination after spinal cord injury can also be mediated by endogenous precursors (see, e.g., ref. 138). After spinal cord injury in the mouse, ependymal cells lining the central canal (i.e., the continuation of the brain ventricular system running along the spinal cord) proliferate, migrate toward the damage, and form astrocytes and, to a lesser degree, oligodendrocytes (139) . Also, parenchymal progenitors give rise to oligodendrocytes in response to this insult (140) . Whether these endogenous regenerative responses can be optimized and harnessed for clinically useful functional benefit is unclear. Recent evidence indicates that human VEGF-secreting NSCs implanted into injured rat spinal cord increase glial progenitor proliferation and oligodendrocyte numbers and promote recovery (141) .
Before neuronal replacement strategies can be applied in patients with spinal cord injury ( Figure 5 ), it must be determined how the proliferation of transplanted stem cells and their progeny can be controlled, how the differentiation of these cells to the specific types of neurons that have been lost can be facilitated, and how the resulting neurons can be directed to format appropriate synaptic contacts. Astrocytic differentiation and aberrant axonal sprouting after NSC implantation into the contusion-injured rat thoracic spinal cord has caused forelimb allodynia (142) . How such approaches can be scaled up from rodents to humans and adapted to optimize the functional efficacy of NSC transplantation must also be determined prior to application in patients.
Demyelination contributes to loss of function after spinal cord injury (Figure 5 ), providing a rationale for implanting stem cell-derived cells that remyelinate the remaining axonal pathways to induce symptomatic relief. In support of this approach, improved functional recovery after NSC implantation into injured spinal cord correlated with the number of graft-derived oligodendrocytes and the amount of myelin present (142) . High-purity oligodendrocyte progenitor cells (OPCs) generated from human ES cells in vitro have been shown to differentiate into oligodendrocytes and give rise to remyelination after transplantation into the demyelinated mouse spinal cord (143) . There seems to be a time window for efficacy, however, because only OPCs implanted in rats early (7 days) but not late (10 months) after spinal cord injury migrated for short distances, differentiated to oligodendrocytes, enhanced remyelination, and improved locomotor function (144) . Further, remyelination only occurred after demyelination (145) .
Based on these findings, a first phase I clinical trial with human ES cell-derived OPCs is planned by the US company Geron. Patients with thoracic spinal cord injuries will be immunosuppressed for 2 months after being transplanted with human ES cell-derived OPCs and tested for recovery of sensory and lower extremity motor function. This first trial of human ES cell-derived cells raises concerns about the risk for tumor formation, which is difficult to assess in a preclinical xenograft situation (146) , and about the fact that data from rodent models will be directly translated into human patients, as it is not clear how closely the animal models reflect the human condition. Despite these concerns, the risk/benefit ratio of the ES cell-based remyelination approach, for which there is preclinical evidence of efficacy and safety, seems to justify the initiation of clinical trials in spinal cord injury patients who lack effective treatments.
Stem cell-based approaches using umbilical cord blood, bone marrow-derived HSCs, and MSCs have already been applied in patients with spinal cord injury, with claims of partial recovery (131). The problems with the studies in which these approaches were used (147) (148) (149) are, in our view, several-fold. First, the implanted cells were often poorly characterized. Second, the preclinical evidence of efficacy for several of these approaches was insufficient. Third, therapeutic benefit was reported from openlabel trials where patients had also been subjected to physiotherapy. Last, the mechanisms underlying observed improvements were unclear. We believe that clinical studies with these cells should not continue until there is a more solid experimental basis and that they should only be conducted with proper controls.
Perspectives
Stem cell research could lead to the development of radical new therapies for several neurodegenerative diseases that currently lack effective treatments. Over the past few years, there has been continuous progress in developing approaches to generate the types of human-derived neurons and glial cells that are needed for cell replacement therapy based on pathology in the respective diseases (13, 17, 40, 42, 45, 88, 89, 92, 93, (135) (136) (137) 143) . Patient-specific cells that may be useful for transplantation can now be produced from iPS cells (4, 27, 32, 46, 47) . Also, NSCs in the adult brain generate new neurons and glial cells in response to neurodegeneration (76-81, 109, 110, 139-141) . It has become clear that the characteristics of the pathological environment, such as the magnitude of inflammation, play a crucial role in the survival, differentiation, and function of both grafted and endogenous cells (56-58, 77, 81, 121-123) . The mechanisms of action of stem cells and their progeny underlying behavioral recovery in animal models are better understood than they were just a few years ago. Besides cell replacement, stem cells are known to lead to improvements that could also be of clinical value through immunomodulation, trophic actions, neuroprotection, and stimulation of angiogenesis (5, (60) (61) (62) (63) (64) (65) (66) (94) (95) (96) (97) (98) (99) (100) (101) (102) . So, will these advancements in stem cell research lead to a large number of scientifically justified clinical trials in neurodegenerative diseases within the next couple of years? Transplantation of human ES cell-derived OPCs for remyelination in spinal cord injury is likely to be initiated soon, and stem cell-derived DA neurons are likely to be implanted in PD patients within five years. Clinical attempts at neuronal replacement for stroke, ALS, spinal cord injury, and AD seem more distant. Therapeutic approaches using stem cells mainly for neuroprotection by supplying neurotrophic molecules or modulating inflammation will most likely be applied sooner in these disorders. However, we believe that the clinical harnessing of stem cells to treat neurodegenerative diseases requires more basic research so that the mechanisms regulating the proliferation, migration, differentiation, survival, and function of stem cells and their derivatives are better understood and can be effectively controlled. If stem cell research is to successfully deliver clinically competitive new therapies, it is crucial to have this solid scientific understanding. Some stem cell populations are easily accessible, for example, those in the bone marrow, and less controversial than human ES cells. Clinical application of these cells without preclinical evidence of efficacy and safety, as required for other sources of stem cells, is unacceptable and will delay the development of clinically useful therapies. Most patients with neurodegenerative disorders have few or no therapeutic options and are prepared to test any new approaches. Scientists, clinicians, regulators, and ethicists must act together for the responsible clinical translation of stem cell research into appropriate applications for patients with these disorders.
